Spintronics has been at the heart of the data storage revolution with the proliferation of data centers and the advent of big data. A key element of this revolution is the magnetic tunnel junction (MTJ).
1-3 While intense research has been carried out on MTJs, the most commonly used tunnel barrier materials remain MgO or Al 2 O 3 . The issue with these metal oxides is that, when thinned down, they may present non-uniform thicknesses, pinholes, and defects which influence the performance of the devices. Hence, they are difficult to control at the monolayer scale while 2D materials, natural monolayers, are now available through the large scale chemical vapor deposition (CVD) growth. One can now think of atomically thin MTJs tunnel barriers based on heterojunctions of 2D materials. Additionally, epitaxial monolayers are grown on various ferromagnets (FMs). [4] [5] [6] [7] Even greater tailoring potential could be achieved after the growth through ferromagnet intercalation, 8, 9 which would allow fine tuning of the 2D material/ferromagnet coupling (e.g., resistance-area product, spin polarization, and anisotropy). In this direction, low resistance area products, strong exchange couplings across the interface, and high magnetoresistance ratios were predicted. 10, 11 The development of 2D materials for MTJs thus appears promising with potential now emerging such as passivation against ferromagnet oxidation and spin filtering. 6 Among the 2D materials, hexagonal boron nitride (h-BN), an insulating isomorph of graphene, has already been proposed as an embedding layer for lateral graphene devices [12] [13] [14] and as a barrier in van der Waals heterostructures, 15 thanks to its atomically thin and chemically inert nature. Moreover, experimentally, h-BN has already showed tunneling behavior in vertical devices. [16] [17] [18] Hence, as supported by theoretical predictions, 10, 11, 19 h-BN appears as a very promising tunnel barrier candidate for MTJs. Its characterization in functional MTJs now appears all the more crucial as h-BN is progressively introduced in lateral spintronic devices to enhance the transport properties. Experimentally, a previous study 20 reported results on the fabrication of MTJs based on transferred h-BN obtained by CVD. However, the measured tunnel magnetoresistance (TMR) effect of 0.3%-0.5%, which corresponds to a tunnel spin polarization P of only 0.05%-0.25% for FM/h-BN interfaces (estimation based on the Jullière's formula 21 ), was far from expectations. 10, 11, 19 In this case, the efficiency of the MTJs may have been impacted by the quality of the interfaces at play.
In this letter, we report on Co/h-BN/Fe MTJ, where the large area monolayer h-BN tunnel barrier is grown directly by CVD on Fe. We show that the atomically thin directly grown CVD h-BN exhibits tunneling of the spin polarized electrons with a TMR of 6% and spin polarization P of 17%, two orders of magnitude larger than previously reported for complete MTJs incorporating the h-BN tunnel barriers. First, we perform the characterization of the tunnel properties of h-BN on Fe via Conductive Tip Atomic Force Microscopy (CT-AFM) measurements ( Figure 1 ). Then, we focus on the integration of h-BN into complete magnetic tunnel junctions and their characterization (Figures 2 and 3) .
The characterization of the tunnel properties of the h-BN layer is shown in Figure 1 . Given that monolayer h-BN is a recently discovered material, very few experimental studies have been carried out to evaluate the monolayer h-BN tunnel barrier properties. [16] [17] [18] In our study, the samples consist of Fe (1 lm thick, 99.99% purity) prepared by sputtering on an oxidized Si wafer (SiO 2 (300 nm)/Si). The growth of h-BN on Fe is carried out by low pressure chemical vapor deposition with an undiluted borazine precursor, as previously reported. 7 Briefly, pieces of 7 Â 7 mm 2 are diced and placed in a custom-built, cold-wall reactor (Aixtron Black Magic 3, base pressure 1 x 10 À6 mbar). The samples are first annealed in 3.6 mbar of H 2 . At $ 940 C, the H 2 is removed and borazine, (HBNH) 3 , is dosed into the chamber via a leak valve until a pressure of 6 Â 10 À3 mbar is reached. The samples are exposed to borazine for 5 min. After growth, the borazine is removed, and the heater is switched off. The samples are cooled in vacuum. The characterization of the h-BN layers by the CT-AFM measurements consists of applying a voltage between the substrate and the surface of the sample and measuring the resulting current at the surface. The CT-AFM is thus particularly suited for the characterization of tunnel barriers (thin oxide layers, [22] [23] [24] self-assembled monolayers (SAMs), 25 etc.). Here, we measure the tunnel resistance of our samples as a function of the number of h-BN layers. The bias voltage used is 1.5 V. The measurements are made with a highly doped polycrystalline diamond coated tip of 2 N/m at a rate of 0.5 Hz over large scanning areas (tens of microns).
The CT-AFM measurements allow us to extract information about the tunnel behavior of the h-BN and its homogeneity. Figure 1(a) shows a resistance mapping image of an annealed Fe surface before h-BN CVD growth which we use as a baseline. We note that the sample was annealed at the same temperature as that required for the h-BN growth. 26 Hence, we have been able to obtain average values of the resistance of the annealed Fe surface before the CVD growth of h-BN, after the growth of h-BN (monolayer) and after the transfer of an additional layer of h-BN (bilayer). The contact resistance values measured between the conductive tip and the surface are approximately 7 Â 10 5 X for annealed Fe, 10 7 X for Fe/h-BN monolayer, and 10 9 X for Fe/h-BN bilayer. The evolution of the resistance normalized against the bare resistance of Fe surface as a function of the number of h-BN layers on Fe is shown in Figure 1(d) and reveals an increase of approximately 10 1:6 X/layer of h-BN. The resistance increases exponentially as a function of the number of h-BN layers and falls within the range of the previous values obtained of similar experiments. [16] [17] [18] A value of the h-BN barrier height of u ¼ 0.85 eV is estimated from exp ðÀ ffiffiffi ffi u p dÞ ¼ 10 À1:6 and d ¼ 0.4 nm for the h-BN barrier thickness measured by AFM. 7 The resistance CT-AFM mapping and the normalized resistance trend obtained confirm the homogeneous tunnel properties of our direct CVD h-BN layer over large areas. It also demonstrates the ability to control the tunnel barrier resistance with the number of layers, thanks to its intrinsic two-dimensional nature.
In Figure 2 , we illustrate the device structure and present the transport characterization of the magnetic tunnel junctions using h-BN, directly grown by CVD, as a tunnel barrier and Fe and Co as ferromagnetic electrodes. In order to define the microjunctions (Figure 2(a) ), we spincoat UVIII photoresist on the Fe/h-BN and subsequently pattern small openings of 30 Â 30 lm 2 in the resist. Then, we deposit the Co (15 nm) ferromagnetic top electrode by evaporation on the whole sample and cap it with Au (80 nm). Finally, droplets of epoxy are deposited on the junctions to protect the Fe/h-BN/ Co/Au structure and to act as a mask during a final ion beam etching step. I(V) and dI/dV(V) spectroscopy characterization of the junction and magnetic transport measurements have been carried out with an AC-DC lock-in based measurement setup in a cryogenic measurement system at 1.4 K. The non-linear I(V) and parabolic dI/dV(V) point to typical tunneling behavior (Figure 2(b) ), validating our approach to integrate hBN directly by CVD in the MTJ device. No fine structure is seen in the parallel and antiparallel I(V) curves similarly to the case of amorphous Al 2 O 3 .
In Figure 3 , we show the results of the magnetotransport measurements done with a 20 mV bias voltage at 1.4 K by switching the magnetization of the ferromagnetic electrodes. A TMR of $6% is obtained (Figure 3(a) ). The TMR value has been calculated by using the relation TMR ¼ R AP ÀR P R P , where R AP and R P are the tunnel resistances measured in the antiparallel and parallel magnetization configurations of the ferromagnetic electrodes (based on the Jullière model 21, 27 ). Additionally, we observe a decrease in the TMR with increasing voltage (Figure 3(b) ), which is a typical behavior of MTJs. With the measured value of TMR, we estimate the mean spin polarization P at the interfaces by using the relation TMR ¼ 20 our results are two orders of magnitude higher, highlighting the potential of h-BN as a tunnel barrier for spintronics. This vast improvement is certainly due to the direct CVD growth of the h-BN monolayer on the ferromagnetic metal, here Fe.
In conclusion, our results demonstrate the integration by direct CVD growth of atomically thin, homogeneous, and insulating h-BN tunnel barriers in magnetic tunnel junctions. The exponential dependence of the resistance as a function of the number of the h-BN layers clearly demonstrates the tunnel behavior of our h-BN layers on ferromagnets. The observed evolution falls within the results of other experiments. [16] [17] [18] The possibility to multiply the barrier height and control it simply by adding other layers, thanks to CVD growth or the transfer method, is remarkable. Furthermore, the CT-AFM measurements show that the value of the resistance is constant over large regions of the sample, which is consistent with the fact that the tunnel behavior is homogeneous in the h-BN layer and that the direct CVD growth of h-BN on the ferromagnet is highly reliable. The I(V) and dI/ dV(V) curves display the typical behavior of MTJs and the measured value of TMR of $ 6% can be associated with a functional Fe/h-BN/Co microjunction. The values of the TMR and the spin polarization show a large improvement over previous experimental reports for MTJs using h-BN as a barrier. 20 While our result represents a large increase in the MR reported for the 2D materials based MTJs, we believe that many parameters remain open to exploration and improvement: dependence with the h-BN growth conditions, dependence with the underlying ferromagnets (Fe, Ni, Co, … and alloys) and their crystallography, dependence with the epitaxy/rotation of h-BN. Our study is most certainly a demonstration which appeals deeper studies to get a better grasp on the underlying physics and target even larger MR. We believe that this result will lead to further investigations of the potential of h-BN (and other 2D materials or heterostructures) as tunnel barriers in MTJs. 
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